Abstract-Despite
A poptosis is an evolutionarily conserved mechanism of cell death that regulates tissue architecture and homeostasis in both embryogenesis and adult organisms. 1 In virus infection and neoplasia, apoptosis also protects the organism from potentially dangerous cells. Indeed, viruses and neoplastic cells have evolved mechanisms of downregulating apoptosis, and progression of disease is associated with escape or resistance to apoptosis. 2 Although selective apoptosis of cells within a tissue coordinates remodeling of that tissue, it is not known why some cells undergo apoptosis in one spatial location and not in another. Clearly, cell-cell differences in susceptibility to apoptosis may govern whether apoptosis occurs in cells of the same lineage in a complex tissue.
Apoptosis of vascular smooth muscle cells (VSMCs) occurs in both physiological and pathological remodeling of arteries and in disease states such as atherosclerosis and angioplasty restenosis. Arterial remodeling and injury provokes profound medial VSMC apoptosis, 3 which determine arterial caliber, mass, and architecture, irrespective of concomitant VSMC replication. 4 However, despite presumably adjacent medial VSMCs receiving the same apoptotic stimulus, VSMC apoptosis in arterial remodeling or injury is very localized 4, 5 and incomplete, depending on the location of the VSMC in question and reflecting heterogeneity of response. The mechanisms underlying differential sensitivity of VSMCs to the same apoptotic stimulus are unknown.
Apoptosis is regulated through a variety of different pathways, including those regulated by death receptors of the tumor necrosis factor (TNF) family (Fas/CD95, TNF-R1, DR-3/TRAMP, TRAIL-R1, and TRAIL-R2). Binding of Fas ligand (Fas-L) to Fas induces receptor trimerization, recruitment of adapter molecules FADD and RIP to the receptor complex, and recruitment of cysteine proteases (caspases) such as caspase 8 (FLICE) and caspase 2. 6 Caspase 8 becomes proteolytically activated by oligomerization, with subsequent activation of effector caspases (caspases 3, 6, and 7) (reviewed in Reference 7) responsible for cleavage of intracellular substrates required for cellular survival, architecture, and metabolic function. The major active caspases in Fas-mediated apoptosis are caspases 8, 3, 6, and 7, 8 with stepwise appearance of active caspases suggesting a caspase cascade.
Fas is constitutively expressed in cells of many tissues, including epithelial and hematopoietic cells. 9, 10 Importantly, subpopulations of endothelial cells and some mesenchymal cells express Fas, indicating that Fas-sensitive and -resistant cells of the same lineage may coexist within the same tissue. 9 However, despite cells expressing Fas, many cells may be resistant to Fas-induced apoptosis because of the intracellular sequestration of Fas, 11 downregulation of surface Fas expression, [12] [13] [14] or expression of Fas-L decoy receptors. 15 Fasinduced apoptosis can also be blocked by expression of several intracellular proteins, including Bcl-2 family members (bcl-2/bcl-X L ), 16, 17 binding proteins with inactive caspase domains such as c-FLIP, 18 and inhibitors of caspases such as the inhibitor of apoptosis (IAP) family of proteins. 19 IAPs directly inhibit the enzymatic activity of caspases 3 and 7 (but not caspase 1, 6, 8, or 10) 20 and also indirectly block caspases 3, 6, and 7 processing by inhibiting cytochrome c-induced activation of caspase 9. 21 We have examined the sensitivity of human arterial medial VSMCs to Fas-induced apoptosis. We found that Fas resistance is due to differential expression of both proapoptic and antiapoptotic proteins below receptor level. In particular, caspases 3 and 8 are necessary but not sufficient for Fasinduced apoptosis. Heterogeneity of expression of apoptosissignaling proteins is also demonstrable in vivo, indicating the coexistence of Fas-sensitive and -resistant cells within the same tissue. This heterogeneity may profoundly affect how a tissue remodels after an apoptotic stimulus and identifies a subpopulation of cells that undergoes apoptosis after a defined stimulus.
Materials and Methods

Generation of VSMC Cultures
Healthy medial VSMCs were derived from coronary arteries of patients undergoing cardiac transplantation for nonischemic cardiomyopathy, as previously described, 22 and human atherosclerotic plaque VSMCs from carotid endarterectomy specimens of patients with symptomatic carotid disease. VSMC cultures with extended life span were generated, as previously described, 23 and used for experiments examining cleavage of caspases (see below). The present study was conducted in accordance with guidelines of the local ethical committee, and informed consent was obtained for the use of normally discarded tissue.
Induction of Apoptosis
Apoptosis was induced by the addition of 10 g/mL cycloheximide (CHX) (Sigma)ϩ1 g/mL anti-Fas antibody IgM clone CH-11 (␣-Fas) (05-201, Upstate) for 24 hours or CHXϩrecombinant Fas-L (50 ng/mL) (a generous gift from Dr Peter Kiener, Bristol-Myers Squibb, Princeton, NJ). Alternatively, apoptosis was induced by transferring cells to medium containing 0% FCS for 24 hours.
Time-Lapse Videomicroscopy
Time-lapse videomicroscopy was performed as previously described. 23 
XTT Assay Plus Peptide Inhibition
Cells were seeded at a suitable density (from 3000 cells to 2ϫ10 4 cells per well in a 96-well plate (Falcon) overnight. After induction of apoptosis for 24 hours, 50 L of XTT (Boehringer Mannheim) was added to each well, and readings were taken 24 hours later at 492 nm, corrected against 690 nm. The protective effect of synthetic peptide inhibitors was tested by adding serial dilutions of zVADfmk, DEVD-CHO, IETD-CHO (Bachem), or YVAD-CHO (Star) to cells for 24 hours before and during induction of apoptosis.
Flow Cytometry
Flow cytometry for Fas or Fas-L was performed, as previously described, 11 
Western Blotting
Western blotting was performed, as previously described, 11 using primary antibodies directed against Fas, Fas-L, FADD, caspases 8, 1, 3, and 7, Bcl-2, Bcl-X, RIP, c-IAP-1, FLIP, ␤-tubulin, and ␣-smooth muscle actin.
Immunoprecipitation
VSMCs were preincubated in CHX for 24 hours and protein lysates isolated at 0 to 2 hours after addition of IgM Fas. Fas-protein G columns were made by binding 10 g/mL mouse anti-Fas IgG to protein G Sepharose (16 hours, 4°C). VSMC lysates were incubated with anti-Fas-protein G complexes (3 hours, 4°C), precipitated, separated by 10% SDS-PAGE in nonreducing conditions, and blotted with 0.25 g/mL anti-RIP antibody.
Immunocytochemistry
Cells were incubated with 1:100 goat anti-p20 caspase 3 antibody (N-19) or control goat polyclonal IgG in blocking buffer for 1 hour and then biotinylated rabbit anti-goat secondary antibody (Santa Cruz) for 30 minutes at room temperature. This was followed by incubation with avidin-biotinylated horseradish peroxidase complex (Santa Cruz) for 30 minutes at room temperature followed by development with 3,3Ј-diaminobenzidine (Sigma).
Expression/Inhibition of Caspase 3
Full-length human caspase 3 or 8 expression vectors in either the sense or antisense orientation were cotransfected with pCMV ␤-galactosidase into VSMCs. After 2 hours, apoptosis was induced by anti-Fas IgM and CHX, and after 48 hours, cultures were stained for ␤-galactosidase activity.
Histochemistry of Tissues
Human healthy coronary arteries were stained with antibodies to caspase 3, Fas, FADD, or caspase 8 or isotype-matched control antibodies at room temperature overnight. Positive staining was detected using HRP or alkaline-phosphatase-conjugated secondary antibodies.
An expanded Materials and Methods section is available online at http://www.circresaha.org.
Results
Different VSMC Isolates Are Sensitive or Resistant to Fas-Induced Apoptosis
To examine any heterogeneity in ability to undergo apoptosis in VSMCs from healthy human arteries, we isolated medial VSMCs from healthy coronary arteries. Uncloned, pooled populations of cells from individual patients were used. We examined apoptosis of VSMCs after stimulation of Fas or after growth factor withdrawal. All VSMCs were initially resistant to Fas-induced apoptosis (not shown), as previously demonstrated, 11, 24 but after CHX priming, 3 of 7 separate VSMC cultures showed significant reduction in viability to 15%, 71%, and 8%, respectively, compared with CHX alone. Of the 7 cultures, 4 remained resistant to Fas ( Figure 1A ). Time-lapse videomicroscopy in response to recombinant Fas-L indicated rates of apoptosis of 8% and 89% at 24 hours in resistant and sensitive cells, respectively ( Figure 1B ). CHX treatment alone did not differentially induce apoptosis in the absence of Fas activation in either Fas-resistant or -sensitive cells ( Figure 1B ). Experiments that were continued to 72 hours revealed that Fas resistance was not due to a time delay but to a persistent and sustained viability (not shown). Fas resistance or sensitivity between VSMCs was not correlated with patient age, gender, drug treatment, or the presence of hypertension. Thus, individual medial human VSMC cultures were either sensitive or resistant to Fas-induced apoptosis, but this was only revealed after CHX priming.
Fas-Resistant VSMCs Show Normal Apoptosis on Serum Withdrawal
To examine whether Fas resistance represented a generalized failure to undergo apoptosis, we examined the effects of serum withdrawal. All 7 cell lines underwent apoptosis on serum withdrawal ( Figure 1C ). CHX potentiated serumwithdrawal-induced apoptosis, but both Fas-resistant and -sensitive cells were equally sensitive (not shown). Thus, Fas resistance did not represent a generalized defect in apoptosis, and a partial dichotomy exists between the mechanisms of Fas and serum-withdrawal-induced apoptosis.
Both Fas-Sensitive and -Resistant Cells Express Fas
Fas in VSMCs exists both intracellularly and on the cell surface, with only the latter being functional to bind Fas-L and induce apoptosis. 11 Fas-L also exists as a membrane and cytoplasmic protein 25 and in a soluble form, but only the membrane form is a potent inducer of apoptosis. To examine whether Fas resistance represented reduced Fas/Fas-L surface expression, flow cytometric analysis was performed. This showed that both Fas-sensitive and -resistant VSMCs expressed surface Fas to a similar extent ( Figure 2) . Analysis of permeabilized cells demonstrated that the majority of Fas existed in VSMCs as a cytoplasmic protein, as found previously (Figure 2 ), 11 and that sensitive and resistant VSMCs also showed similar levels of total Fas expression. All Fas-L occurred as cytoplasmic protein, and Fas-L was not detected on the cell surface ( Figure 2 ). Two separate anti-Fas-L antibodies were used, both of which indicated similar expression by flow cytometry and Western blot (see below).
Differential Expression of Fas-Signaling Proteins in VSMCs
Binding of Fas-L to Fas recruits the adapter molecule FADD to the receptor complex, first activating caspase 8 and then activating a caspase cascade. Therefore, Fas resistance could Figure 3 ) and no detectable expression of caspases 3, 7, and 8. Fas-resistant and -sensitive cells expressed caspase 1 to a similar extent, although caspase 9 expression was variable. Immunocytochemistry of Fas-sensitive and -resistant cells for caspase 3 showed that differences in expression of caspase 3 occurred at a single cell level and cells were either positive or negative for caspase 3 (not shown). Northern blot analysis showed that the differences in caspase 3 expression were due to differences in caspase 3 mRNA levels between Fas-resistant and -sensitive cells (not shown).
Fas-induced apoptosis is regulated also by expression of antiapoptotic proteins, including antiapoptotic members of the Bcl-2 family (Bcl-2/Bcl-X L ), FLIP, and IAPs. We found consistently increased expression of FLIP and, to a lesser extent, c-IAP-1, but not Bcl-2 or Bcl-X L in Fas-resistant cells (Figure 3 ). This indicates a coordinated downregulation of proapoptotic-signaling molecules and increased expression of antiapoptotic molecules in Fas-resistant cells. To analyze whether the different responses to Fas represented differences in expression of antiapoptotic proteins in response to CHX priming, we examined expression of Bcl-2, Bcl-X, c-IAP-1, and FLIP in response to CHX alone, CHXϩ␣-Fas, or serum withdrawal ( Figure 3B) . Although CHX had a variable effect on expression of all proteins, there was no relative increase in expression of antiapoptotic proteins in the Fas-resistant versus -sensitive cells after CHX priming.
Fas-Resistant and -Sensitive VSMCs Transmit Death Signals From Fas
To examine whether Fas in Fas-resistant cells can efficiently transmit a death signal on ligand binding, we analyzed death signals transmitted from Fas in both cell types. Fas-L binding to Fas recruits adapter proteins FADD and RIP to Fas. 26, 27 As both FADD and caspase 8 expression (but not RIP) were markedly reduced in resistant cells, we examined the ability of Fas-L to recruit RIP to Fas. In both resistant and sensitive cells, Fas-L caused a time-dependent recruitment of RIP to Fas, with some association being evident at time 0, an increase at 30 minutes, and a return to baseline by 2 hours (Figure 4) . Thus, Fas is both present and functional on Fas-resistant and -sensitive cells, and Fas-L engagement and activation of Fas can be achieved under the conditions studied.
Fas-Induced Apoptosis Is Dependent on Activity of a Caspase 3 or 8 Family Member
To examine which caspases are involved in Fas-mediated apoptosis of VSMCs, we studied the effect of peptide inhibitors of the caspase PЈ Asp cleavage site. The Y-VAD sequence coupled to aldehyde or fluoromethyl ketone inhibits caspase 1-like caspases with a K i of Ͻ1 nmol/L, whereas the DEVD or IETD sequence is more specific for caspase 3-like or caspase 8 -like enzymes, respectively. 28 -30 z-VAD is a nonspecific inhibitor of all caspase family members. In 2 Fas-sensitive cell lines, z-VAD, DEVD, and IETD inhibited Fas-induced apoptosis in a dose-dependent manner ( Figure  5 ). Inhibition by z-VAD started at 10 mol/L and increased to 100% at 600 mol/L. Inhibition by DEVD or IETD started at 10 mol/L and increased to 100% at 100 mol/L. In contrast, Y-VAD did not show any inhibition even at high concentrations ( Figure 5 ), although 100 mol/L or higher YVAD could inhibit Fas-induced apoptosis in Jurkat cells (not shown). These results imply that caspase 3-like caspases and caspase 8 -like caspases are critical to Fas-induced apoptosis in VSMCs. Time-lapse videomicroscopy confirmed that the protective effect of caspase inhibitors was due to a reduction in apoptotic death and inhibitors did not affect cell proliferation (not shown). z-VAD, but not DEVD or IETD, also inhibited serum withdrawal-induced apoptosis of both 
Cleavage of Caspases in Fas-Induced Apoptosis in VSMCs
To become enzymatically active, caspases need to be cleaved from a larger inactive zymogen proform into smaller species, which can heterodimerize. 31 To examine which of the downstream effector caspases were activated and cleaved in Fas-mediated VSMC apoptosis, we generated semiimmortalized Fas-sensitive VSMCs. 32 Extensive characterization of these cells showed identical expression of Fas, Fas-L, FADD, individual caspases, or antiapoptotic molecules and sensitivity to Fas-induced apoptosis compared with primary cells (not shown). Cleavage of caspase 3 into the p20 active form was observed at 10 hours after addition of IgM Fas and persisted to 24 hours ( Figure 6A ). In contrast, there was no cleavage of caspase 7 ( Figure 6B) or caspase 1 or 6 (not shown) over the same time course. Cells in 0% FCS for 24 hours did not show any cleavage of caspase 3 (not shown), consistent with the observation that DEVD-CHO does not inhibit apoptosis in 0% FCS (see Figure 1 online at http://www.circresaha.org).
Caspases 3 and 8 Expression Is Required for Fas-Induced Apoptosis
To analyze whether caspase 3 or 8 expression is required, and is sufficient, for Fas-induced apoptosis, we expressed fulllength antisense or sense caspase 3 or 8 in Fas-sensitive cells with an expression plasmid encoding ␤-galactosidase and confirmed increased or reduced caspase protein expression by Western blots (not shown). Fas-induced apoptosis was examined by morphological appearance of live versus dead transfected cells (see Figure 2 online at http://www.circresaha.org and the Table) . Transfection of VSMCs induced some apoptosis, which could be increased by treatment with ␣-Fas and CHX in Fas-sensitive cells and inhibited by suppression of caspase 3 multiple defects in Fas signaling may be responsible for this phenotype.
Differential Expression of Fas-Related Proteins In Vivo
To examine whether the differential expression of signaling proteins that we observed in cultures was also seen in vivo, we analyzed expression of caspase 3 (Figure 7 ), caspase 8, Fas, and FADD in fixed sections of human coronary arteries. Fas and FADD were expressed in the majority of medial VSMCs in healthy arteries (not shown). In contrast, medial VSMCs showed marked heterogeneity of expression of caspase 3. The majority of medial VSMCs were caspase 3-negative, but Ϸ1% to 2% were caspase 3-positive ( Figure  7 ). Caspase 8 showed a similar distribution to caspase 3 (not shown).
Differential Expression of Fas-Related Proteins in Atherosclerosis
Differential expression of apoptosis-signaling proteins in vivo would be predicted to alter sensitivity of VSMCs to apoptosis in diseases in which apoptosis induced via those pathways is activated. Human atherosclerosis is characterized by an accumulation of VSMCs and inflammatory cells, both T lymphocytes and macrophages, which are a source of both soluble and membrane-bound death ligands. Apoptosis has been demonstrated in VSMCs in human plaques, 33, 34 and both Fas and caspase 3 activation have been implicated. 24 To examine whether human plaque intimal VSMCs were of the Fas-sensitive or -resistant phenotype, we analyzed protein expression of Fas, FADD, caspase 3, and caspase 7 in 4 separate isolates of human plaque intimal VSMCs isolated from carotid endarterectomy specimens. Plaque VSMCs expressed variable amounts of caspases 3 and 7, but no isolate was negative for these caspases. FADD and Fas were also uniformly expressed by cultured plaque VSMCs. Examination of these plaque-derived VSMCs in cultures demonstrated all lines to be Fas-sensitive (see Figure 3 online at http://www.circresaha.org).
Discussion
Although Fas is widely expressed, and surface Fas is detectable on many cells, cells vary considerably in their sensitivity to Fas-induced apoptosis. Thus, delivery of a cross-linking anti-Fas antibody in vivo induces fulminant hepatocellular apoptosis and failure without obvious effects on many other cells or organs that express Fas. 35, 36 Fas-induced apoptosis absolutely requires FADD because FADD-null cells are resistant to Fas. 37 However, Fas-induced apoptosis can also be inhibited by IAPs, FLIP, Bcl-2, and Bcl-X L , although the relative contributions of these proteins to Fas resistance in vivo are unknown.
Different isolates of human medial VSMCs show markedly different responses to Fas-induced apoptosis, although all isolates undergo apoptosis after growth factor withdrawal. Fas-resistant VSMCs show reduced expression of proapoptotic proteins involved in Fas signaling, including Fas-L, FADD, and caspases 3, 7, and 8, and increased expression of FLIP and c-IAP-1. Fas in both resistant and sensitive cells is expressed at similar levels both in total and on the cell surface and is functional to transmit a death signal through RIP, indicating that Fas resistance is determined below receptor level. We found that Fas-mediated apoptosis depends on the activity of a DEVD-inhibitable caspase, which is identified as caspase 3, because Fas-mediated apoptosis of Fas-sensitive cells is associated with cleavage of caspase 3 but not caspase 6 or 7. Caspase 8 is also required for Fas-induced apoptosis because selective inhibition of caspase 3 or 8 inhibits apoptosis in Fas-sensitive cells. However, caspase 3 or 8 is not sufficient alone for Fas-induced apoptosis, because expression alone cannot rescue Fas sensitivity in Fas-resistant cells, as would be predicted by the multiple differences in expression of Fas-signaling proteins. Finally, we found that VSMCs in the media of human coronary arteries in vivo also show heterogeneous expression of caspase 3, with caspase 3-positive and caspase 3-negative cells being normal components of the vessel wall. In contrast, VSMCs isolated from atherosclerotic plaques are caspase 3-positive and Fas-sensitive.
One of the most striking findings in the present study is the profound resistance of human VSMCs to Fas, despite Fas expression on the cell surface, and transmission of a death signal from Fas. The observation that Fas-induced apoptosis requires CHX priming suggests that intracellular regulation of Fas-induced apoptosis is responsible for this resistance. In recent studies, 11 we identified that the sensitivity of human VSMCs to Fas-induced apoptosis is governed in part by the surface expression of Fas. Fas in VSMCs is mostly expressed intracellularly in the Golgi complex, where it is sequestered from Fas-L binding. However, transport of intracellular Fas by p53 priming of the cells increased surface expression of Fas and increased Fas-induced apoptosis. In the present study, we have shown that a further level of complexity in Fas-induced apoptosis of VSMCs exists. Both Fas-sensitive and -resistant VSMCs expressed similar levels of surface and total Fas, but there were marked differences in expression of Fas-L and FADD in addition to differences in expression of caspases 3, 7, and 8. The occurrence of multiple defects in proteins responsible for signaling apoptosis from Fas suggests that there may be a coordinated up or downregulation of proteins on the same pathway signaling death. This does not appear to be an artifact of culture, because primary cells isolated from tissue specimens showed the same differences in expression of these proteins as cells cultured over multiple passages. In addition, caspase 3 heterogeneity is present in arteries in vivo. Although the mechanism of such coordinated regulation of proapoptic and antiapoptotic molecules is unknown, coordinated inhibition of Fas, TNF-R1, FADD, and caspase 8 with increased bcl-2 expression has been found in other studies. 38 Our results suggest that sensitivity to Fasinduced apoptosis is determined below cell surface death receptor expression and may involve the complex and coordinated interplay between expression of different proteins.
Although multiple caspases are activated in Fas-induced apoptosis, including caspases 8, 3, 6, and 7, 8 our results indicate that caspases 3 and 8 are critical regulators of Fas-induced apoptosis. Thus, caspase 3 showed both differences in expression in Fas-sensitive versus -resistant cells and was cleaved when Fas-sensitive VSMCs underwent Fasmediated apoptosis. Moreover, caspase 3 cleavage was seen in Fas-induced apoptosis but not in apoptosis due to serum withdrawal, which was not blocked by DEVD-CHO. In contrast, a number of other caspases, including caspases 1, 6, 7, and 9, were not differentially expressed in Fas-sensitive versus resistant cells, were not cleaved when cells underwent Fas-induced apoptosis, or both. Finally, inhibition of caspases 3 and 8 in Fas-sensitive cells by transfection of antisense cDNA or inhibition of caspase 3 or 8 family enzymes by peptide substrate mimetics inhibited Fas-mediated apoptosis. However, caspase 3 or 8 expression alone was not sufficient to restore Fas sensitivity in Fas-resistant cells, implying that multiple defects are responsible for the resistant phenotype.
The role of caspase 3 in Fas-induced apoptosis is presently controversial. Some studies have identified that Fas-induced apoptosis is inhibited by DEVD peptides, 39 -42 and caspase 3 cleavage and activation have been observed. 39, 40 In contrast, other studies have identified that inhibition of caspase 3 does not block DNA fragmentation, and caspase 3 is not cleaved in all cases of Fas-induced apoptosis. 43 Much of this controversy has been explained by a recent study showing that the requirement for caspase 3 is critically dependent on cell type and inducer of apoptosis. 44 Furthermore, the morphological features of apoptosis in caspase 3-deficient cells were highly variable according to cell type. In VSMCs, we found that Fas-mediated apoptosis of human VSMCs requires caspase 3. Although caspase 3 cleavage is seen in Fas-induced apoptosis associated with characteristic apoptotic morphology, there was no difference in nuclear morphology, cell shrinkage, or cell membrane blebbing and no evidence of PARP cleavage in apoptosis induced by low serum conditions in caspase 3-positive or caspase 3-negative cells (not shown). This indicates that distinct DNAases may be activated in apoptosis by caspase 3-dependent or caspase 3-independent pathways.
Although the role of Fas-L in immune-privileged sites is well established, with expression being a mechanism of inducing apoptosis in cytotoxic T lymphocytes directed against "self" proteins, the role of Fas-L in the vessel wall is uncertain. Clearly, the resistance to Fas-induced apoptosis between sensitive and resistant cells is relative, because overexpression of membrane Fas-L can induce apoptosis of VSMCs both in vitro and in vivo. 45 However, this does not mean that selective killing of VSMCs by Fas-L does not occur in vivo. In endothelial cells, Fas-L expression can protect the vessel wall from leukocyte migration. 46 VSMC Fas-L may therefore be an additional mechanism of suppressing immune cell accumulation. Alternatively, endogenous Fas-L and Fas may represent a rapid mechanism of autodeletion of VSMCs, where increased membrane expression of either Fas-L or Fas is induced by other stimuli, such as DNA damage. 11 Indeed, the relatively high level of cytoplasmic Fas-L expression in Fas-sensitive VSMCs, which also express downstream Fas-signaling proteins, may ensure that VSMCs undergo autocrine destruction by relocating Fas-L to the cell surface, analogous to Fas trafficking in VSMCs. 11 There is increasing evidence that the adult vessel media consists of VSMCs from distinct cell lineages, characterized by retention of different phenotypes and growth characteristics when placed in culture. Thus, clonal cell lines can be derived from mammalian arteries, [47] [48] [49] [50] with different rates of cell proliferation and apoptosis being retained in culture and different phenotypes seen in medial VSMCs isolated from human arteries. 51, 52 After injury in vivo, 53 most cells do not undergo cell proliferation, but a small number proliferate many times, indicating that after the same initial stimulus, subpopulations of VSMCs within the healthy vessel wall undergo a different response. Human medial VSMCs also exhibit phenotypic heterogeneity, and intimal VSMCs show very different phenotypes to that of medial VSMCs. 54 Our findings suggest that apoptosis in advanced atherosclerosis may occur in a subpopulation of VSMCs. Despite most medial VSMCs and intimal VSMCs in healthy coronary arteries being caspase 3-negative, we found that all plaque intimal VSMCs isolated from carotid endarterectomy specimens showed expression of Fas-signaling proteins, including caspase 3, and no isolate was caspase 3-negative. As inflammatory cells within plaques such as macrophages and T lymphocytes express surface Fas-L, the competence of plaque intimal VSMCs to undergo Fas-induced apoptosis strongly suggests that Fas and Fas-L induce VSMC apoptosis in atherosclerosis. Indeed, Fas has been shown to colocalize with apoptotic VSMCs in atherosclerotic plaques. 24 In summary, we have demonstrated that human medial VSMCs show marked heterogeneity of expression of proteins regulating apoptosis both in vitro and in vivo. In particular, the sensitivity of VSMCs to apoptosis from defined stimuli may be determined below receptor level. Different sensitivity to apoptosis of subpopulations of medial VSMCs may regulate vessel wall architecture and profoundly influence vessel remodeling and the response to injury.
